We sought to investigate the clinical prognostic value of longitudinal and circumferential strain (S) and strain rate (SR) in patients after high-risk myocardial infarction (MI).
Background
Left ventricular (LV) contractile performance after MI is an important predictor of long-term outcome. Tissue deformation imaging might more closely reflect myocardial contractility than traditional measures of systolic functions.
Methods
The VALIANT (Valsartan in Acute Myocardial Infarction Trial) Echo study enrolled 603 patients with LV dysfunction, heart failure, or both 5 days after MI. We measured global peak longitudinal S and systolic SR (SRs) from apical 4-and 2-chamber views and global circumferential S and SRs from parasternal short-axis view with speckle tracking software (Velocity Vector Imaging, Siemens, Inc., Mountain View, California). We related global S and SRs to LV remodeling at 20-month follow-up and to clinical outcomes.
Results
Both longitudinal (mean: Ϫ5.1 Ϯ 1.6 100/ms) and circumferential SRs (mean: Ϫ8.0 Ϯ 2.8 100/ms) were predictive of death or hospital stay for heart failure (hazard ratio: 2.4, 95% confidence interval [CI]: 2.0 to 3.1, p Ͻ 0.001; hazard ratio: 1.3, 95% CI: 1.2 to 1.4, p Ͻ 0.001, respectively) after adjustment for clinical covariates by Cox proportional hazards, and longitudinal SRs further improved in predicting 18-month survivor on a model based on clinical and standard echocardiographic measures (increase in area under the receiver-operator characteristic curve: 0.13, p ϭ 0.009). With multivariable logistic regression, circumferential SRs, but not longitudinal SRs, was strongly predictive of remodeling (odds ratio: 1.3, 95% CI: 1.1 to 1.4, p Ͻ 0.001).
Conclusions
Both longitudinal and circumferential SRs were independent predictors of outcomes after MI, whereas only circumferential SRs was predictive of remodeling, suggesting that preserved circumferential function might serve to restrain ventricular enlargement after MI. Quantification of left ventricular ejection fraction (LVEF) on the basis of ventricular volumes has been the primary method for assessing myocardial systolic function and myocardial damage after myocardial infarction (MI) (1) (2) (3) (4) (5) . This measure, however, is load-dependent and neglects regional function (6) . Moreover, accurate assessment of cardiac mechanics has proven elusive to traditional imaging modalities, due in part to the complex spatial orientation and distribution of muscle fibers in the longitudinal and circumferential direction (7, 8) . Emerging echocardiographic tech-niques, including speckle-tracking imaging derived strain (S) and strain rate (SR)-which might more accurately reflect intrinsic measures of myocardial contractility and See page 1823 enable quantification of regional myocardial deformationhave allowed for analysis of longitudinal and circumferential motion and have contributed substantially to the understanding of cardiac mechanics (9 -11) .
Recent studies comparing longitudinal and circumferential function have shown that longitudinal function deteriorates early under cardiac pathologic conditions before the onset of clinical symptoms and reduction in global ventricular function (12) , whereas circumferential function might remain relatively preserved to compensate for cardiac function when longitudinal function starts to become dysfunctional (13) and in patients with early stage heart failure (14) . We sought to investigate the clinical and prognostic importance of both measures on clinical outcomes and LV remodeling in patients with highrisk MI.
Methods

P a t i e n t p o p u l a t i o n . T h e VALIANT (Valsartan in Acute
Myocardial Infarction Trial) enrolled 14,703 patients with LV dysfunction, heart failure, or both between 12 h and 10 days after acute MI and randomized them to receive valsartan, captopril, or a combination (15) . The median follow-up period was Figure 1 Peak Longitudinal and Circumferential S and Systolic SR Curves
In a normal subject (A), strain (S) is negative with downward tracing, whereas strain rate (SR) represents the rate of S and is downward with myocardial shortening during systolic phase and upward during diastolic phase. In a subject with myocardial infarction (B), longitudinal S and SR from infarction segments (red arrows) were lower compared with other segments together with a reduced global (blue arrow) S and SR compared with the normal subject. The representative color codes correspond to each segment curve in S and SR. Values are percentages, unless otherwise indicated. BMI ϭ body mass index; DM ϭ diabetes; eGFR ϭ estimated glomerular filtration rate; HF ϭ heart failure; HTN ϭ hypertension; MI ϭ myocardial infarction; NYHA ϭ New York Heart Association functional class; PCI ϭ percutaneous coronary intervention; SRs ϭ systolic strain rate. model with LV sphericity index (both end-diastolic and end-systolic) calculated as the ratio of LV volume and the volume of a sphere with diameter identical to the LV (sphericity index ϭ 6V/L 3 ) long axis. Pixel-tracking S and SR analysis. Baseline echocardiography images from VALIANT echocardiograms were converted to DICOM images and analyzed by an offline pixel-tracking software package (Velocity Vector Imaging, Siemens, Inc., Mountain View, California) with a frame rate of 30 frames/s. The software provides accurate tracking of myocardial motion, which provides angleindependent 2D velocity, and has been validated by sono-micrometry (17), and we have previously reported a validation of the video conversion and the reproducibility of this technique (18) . Peak longitudinal and circumferential S and SRs curves were then computed automatically ( Fig. 1 ) by tracking the motion of acoustic objects frame-by-frame, with minor manual adjustment in the point selection when necessary to ensure the best quality of tracking. The beginning of the cardiac cycle was defined by the QRS complex or maximal short-axis area. A higher degree of myocardial shortening was reflected by more negative S and SRs values; the first quartile represented better SRs, whereas the fourth quartile represents reduced SRs in our study.
A composite longitudinal SRs value for each patient was derived from the mean value of both apical 2-and 4-chamber views (a total of 12 segments automatically generated by software), and the representative circumferential SRs of each patient was composed of the mean value from 6 LV mid-wall short-axis segments. Statistical analysis. All continuous data were expressed as mean Ϯ SD. Baseline patient data and echocardiographic parameters were analyzed according to the SRs quartiles. Baseline continuous variables and the changes of continuous data were compared by Wilcoxon rank sum test for trend. In the outcome evaluation, event rates were calculated with survival time data and expressed as events/100 patientyears. To determine the independent value of baseline SRs on patient outcome, a multivariable Cox proportional hazards regression model was used with the 10 most powerful clinical predictors of mortality identified with stepwise backward selection of a 70-covariate model from the overall VALIANT study (3) (including age, Killip class, serum creatinine, percutaneous coronary intervention, atrial fibrillation complicating MI, history of diabetes, congestive heart failure, MI, angina, and chronic obstructive pulmonary disease) as well as WMSI and LVEF. We assessed the incremental value of baseline S and SRs over the 10 most powerful clinical predictors and the standard echocardiographic measures, with a time-dependent receiver-operator characteristic method. We used the entire VALIANT study to derive a single risk score with the 10 clinical predictors for this receiver-operator characteristic analysis. The area under the receiver-operator characteristic curve (AUC) at 18 months in study time was used as a summary measure of prediction accuracy. The difference of the AUC and corresponding 95% confidence interval (CI) was calculated to compare a pair of prediction models, where 10-fold crossvalidation estimates were used to reduce the bias in the AUC estimation (19) .
Baseline Clinical Characteristics of Patients Stratified by Circumferential SRs Group
Left ventricular remodeling presented as a binary outcome was defined as at least 15% increase of end-systolic volume (ESV) from baseline to 20 months (20) . Multivariable logistic regression was performed with adjustment for the same most powerful clinical variables. Abbreviations as in Table 3 .
Baseline Echocardiographic Characteristics of Patients Stratified by Longitudinal SRs Group
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Clinical outcomes for this study included death (all-cause mortality), combined death or HF with hospital stay, death from cardiovascular causes (cardiovascular death), and combined cardiovascular death or HF with hospital stay. All clinical outcomes including hospital stay for HF were adjudicated by an independent Clinical Endpoints Committee.
A p Ͻ 0.05 (2-sided) was used to determine statistical significance. Statistical analyses were performed with STATA software, version 8.0 and R version 2.6.2 (StataCorp., College Station, Texas).
Results
Baseline characteristics. There were minimal differences between patients who were included in this cohort and those who had to be excluded because of image quality. The baseline clinical characteristics of the cohort on the basis of longitudinal and circumferential SRs value quartile are listed in Tables 1  and 2 . The representative S and SRs in the VALIANT study were Ϫ7.69 Ϯ 2.65 (%) and Ϫ5.10 Ϯ 1.63 (100/ms) for longitudinal and Ϫ11.48 Ϯ 4.81 (%) and Ϫ7.99 Ϯ 2.83 (100/ms) for circumferential, respectively. Both reduced longitudinal and circumferential SRs value were associated with increasing age and worse heart failure functional class but not related to sex or race. Patients with reduced SRs were more likely to have had previous MI and a history of heart failure, worse renal function (presented as estimated glomerular filtration rate), history of hypertension, and longer time from onset of MI to randomization (Tables 1 and 2 ). Increased longitudinal SRs was associated with thrombolytic therapy and primary angioplasty, and greater circumferential SRs was associated with a higher primary angioplasty rate. Echocardiographic data. Both reduced longitudinal and circumferential SRs were strongly associated with increased baseline EDV, ESV, longer infarct segment length, higher WMSI, higher mitral regurgitation jet/LA ratio, and lower LVEF (Tables 3 and 4 Incidence rate/ 100 patient-yrs (95% CI) 5.0 (2.6-9.7) 7.5 (4.3-12.9) 11.8 (7.5-18. Tables 1, 3 , and 6.
(16%) patients developed HF and 62 (16%) patients died; for those with circumferential SRs available (total 420 cases), 69 (16%) patients developed HF and 77 (18%) died. Both longitudinal and circumferential S or SRs at baseline were independently associated with all-cause mortality and combined death or HF hospital stay (Table 5 ). Even after multivariate adjustment for clinical variables, WMSI and LVEF, both reduced longitudinal and circumferential SRs were strongly associated with higher risk of all-cause mortality (Tables 6 and 7) . Furthermore, increasing quartiles of longitudinal and circumferential SRs were associated with increased risk, with patients in the fourth quartile of longitudinal and circumferential SR showing a 24-fold (95% CI: 5.2-to 110.1-fold) and 5.6-fold (95% CI: 2.3-to 13.8-fold) increased risk of death and a 29.5-fold (95% CI: 7.0-to 124.4-fold) and 5.0-fold (95% CI: 2.4-to 10.4-fold) increased risk of combined cardiovascular death or HF hospital stay (Fig. 2) , respectively.
Incremental value of longitudinal and circumferential
SRs to LVEF and clinical variables for predicting allcause mortality. Longitudinal and circumferential S and SRs were incrementally predictive of all-cause mortality when added to LVEF and the 10 most powerful clinical variables (Fig. 3) . Although longitudinal SRs alone added significant incremental value in the prediction of death (AUC increased from 0.70 to 0.83; 95% CI: 0.14 to 0. Association between longitudinal and circumferential systolic strain rate (SRs) by quartile and the incidence of death and combined cardiovascular death or hospital stay for heart failure (HF). The absolute value of SRs is decreasing from the first to fourth quartile with worsening function. All adverse outcomes were lower in higher SRs quartile (absolute value) with significant p value (Ͻ0.001). CI ϭ confidence interval; HR ϭ hazard ratio; SR ϭ strain rate.
eling at 20-month follow-up had generally lower circumferential SRs value when compared with those without remodeling. Circumferential SRs but not longitudinal SRs was predictive of ventricular remodeling at 20 months after adjustment for clinical variables (Fig. 5 ) (odds ratio: 1.3, 95% CI: 1.1 to 1.4, p Ͻ 0.001).
Discussion
We examined the clinical prognostic value of both baseline longitudinal and circumferential SRs in predicting various clinical outcomes and subsequent LV remodeling after highrisk MI. We found that both longitudinal and circumferential function evaluated by speckle-tracking-based deformation imaging were strong predictors after high-risk MI, with longitudinal SRs adding significant incremental value in the prediction of all-cause mortality beyond LVEF. Circumferential SRs, an assessment of short-axis function, further helped identify patients at risk of future LV remodeling. Strain rate imaging on the basis of speckle-tracking technique represents the velocity gradient between 2 spatial points in relation to each other and overcomes noise artifacts associated with Doppler velocity imaging, whereas S represents the mathematical integration of SR imaging over time (10, 21) . The SR imaging, either longitudinal or circumferential, has recently been proved to correlate well with infarct size and transmural extent after MI (22, 23) . Compared with S, SR seems to be less load-dependent, might be a better measure of contractility, and is theoretically more sensitive than S to myocardial pathology (24, 25) . On the basis of the superiority of global SR to S and other traditional echo methods in predicting infarct size and assessment of myocardial viability from these previous studies, we hypothesized that the average SR from all myocardial regionsreflecting the total extent of the whole myocardial damage after infarction-might provide a better surrogate for assessment of global contractile performance with better prediction of clinical outcomes after MI (6, 26, 27) . However, data regarding the role and long-term prognostic value of such pixel-tracking-based SR imaging in patients after MI, either longitudinal or circumferential, have been lacking.
Longitudinal S and SR have been shown to be sensitive indicators for patients with subclinical ventricular dysfunction (13, 14, 28) and correlate with myocardial fibrosis, which might serve as a marker of risk in patients with cardiac diseases (29, 30) . In patients with coronary artery disease, the subendocardial longitudinal myofiber is more sensitive and susceptible to myocardial hypoperfusion and thus is prone to earlier damage leading to impaired longitudinal function (12, 14, 21, 31) . Longitudinal SR further added incremental prognostic value to WMSI in patients undergoing stress echocardiography (32, 33) . Short-axis function assessed by circumferential shortening, in contrast, is determined predominantly from circumferential fiber contraction (34) and helps maintain global ventricular function in subclinical LV abnormality or when longitudinal function is severely impaired and has been shown to be crucial for favorable LV remodeling after cardiac resynchronization therapy (13, 14, 35) .
In the current study, we observed the independent prognostic value of both longitudinal and circumferential S and SRs imaging over and above LVEF, WMSI, and clinical variables in patients with high-risk MI. Additionally, longitudinal SRs further added incremental value beyond EF in the prediction of all cause mortality. The highly predictive value of longitudinal function is further underscored by the observation that very few events occurred in the highest SRs group during the 2-year follow-up period. In contrast to that of previous assessments of the predictive value of longitudinal S after infarction (36) , our patient population was larger and included well-characterized high-risk patients not limited to anterior wall infarction.
The increase in mid-cavity size with a more "globularshaped" LV sphericity during the remodeling process, which has been associated with adverse outcomes (37) , has been proposed to result from failure of short-axis function to overcome increased wall stress with subsequently reduced ventricular efficiency, leading to ultimate decompensation (13, 37, 38) . Actually, LV volume expansion leading to worse global geometry and sphericity was more attributable to the increase in LV mid-cavity width instead of LV length (13, 37) . Indeed, we observed an association between LV sphericity and circumferential function and that graded increase in ESV in the early stage was associated with progressive longitudinal functional deterioration with relatively preserved circumferential function. Furthermore, reduced circumferential SR per se was an important determinant in the development of further LV dilation from baseline to 20 months. Therefore, circumferential function might play a pivotal role in maintaining LV structure and tensile strength in patients with early stage heart failure, and that failure to restrain the LV from worse circumferential function might contribute to further LV enlargement.
A number of limitations of this analysis should be noted. Tissue deformation imaging based on pixel-tracking technique relies on above-average image quality for good data extraction, and continuous endocardial border motion would be the major determinant in enrollment. In this study, the need for high-quality images resulted in a relatively large number of studies that could not be analyzed. Nevertheless, we observed minimal baseline differences between those patients who were included in the analysis and those who were not. The assumption of constant speckle pattern throughout cardiac cycle, out-of-plane motion, reverberations, dropouts, and the differences between axial and lateral resolutions are all factors that might alter the real S and SR value, although their significance in clinical studies have not yet been clarified. Finally, deformation analysis from videotapes will be associated with worse image quality than digitally acquired studies, although we and others have shown comparable results from good-quality video-based images and minimal differences due to reduction in temporal resolution (18, 39) .
Conclusions
We demonstrated that both longitudinal and circumferential SR were predictive of clinical outcomes independent of global LVEF, WMSI, and clinical variables. Although global LV contractility evaluated by longitudinal SR added significant incremental prognostic value to baseline LVEF and clinical variables in the prediction of all-cause mortality after high-risk MI, circumferential SR helps predict long-term LV remodeling. These data further support the concept that longitudinal function is more sensitive to myocardial damage, whereas circumferential function-which might remain preserved when the LV begins to deteriorate-serves as a short-axis restraint to prevent further LV geometric expansion.
